Abstract: Aim: The objective of this study was to determine the rate of decomposition of two dominant arboreal species (Rhizophora mangle and Avicennia schaueriana) in two Brazilian subtropical mangroves (Ratones and Itacorubi) and their relationship with abiotic factors during two periods of the year (winter and summer). Methods: Senescent leaves (4 ± 0.1 g dry weight) were placed into litter bags (20 × 25 cm with 1 cm mesh size) and submersed in mangrove forests during a winter and a summer sampling period. Replicates (n = 4) of each detritus sample were obtained from the mangroves after 7, 15, 30, 60, 90 and 120 days of incubation during both time periods. During each period, in situ measurements were taken to obtain the temperature, electrical conductivity, pH, and dissolved oxygen in the water column. Results: The species R. mangle and A. schaueriana exhibited slow rates of decomposition at Itacorubi and intermediate rates at Ratones during the winter, while quick rates were observed at both sites during the summer; this result suggested that water temperature is an influential factor. There was no difference in the loss of mass between the sites during the winter, but in the summer, the highest values were observed for R. mangle in Ratones site. The highest summer temperatures were negatively associated with mass loss, suggesting that the temperature is an influential factor. During the winter, remaining mass was associated negatively with electrical conductivity, possibly because of a greater resource available to decomposing communities, and it was also positively associated with oxygen, revealing a pattern opposite to that observed in the literature. Conclusions: Our results showed that decomposition accelerated with higher temperatures and that electrical conductivity decelerated with increased dissolved oxygen, confirming the effects of abiotic factors on both detritus decomposition and mangrove functioning.
. The first variable primarily refers to the structure of the decomposer community (invertebrates and micro-organisms), where a higher abundance and biomass drives greater decomposition (Gessner et al., 1999) . The second, leaf-litter characteristics, determines its palatability, where less hardness, the concentration of secondary compounds and greater nutrient concentration can lead to a higher loss in mass (Gessner et al., 1999) . The third variable is associated with the physical and chemical conditions of the environment because higher temperatures, greater electrical conductivity and increased dissolved oxygen and nutrient concentrations in the water can positively contribute to decomposition (Gessner et al., 1999) . Specifically in mangroves, we must consider the stronger effects of salinity concentration variability, which may be a key variable for leaf litter decomposition, observing a negative effect due to acute increase in salt concentration (Rietz and Haynes, 2003; Roache et al., 2006; Gafner and Robinson, 2007; Mfilinge and Tsuchiya, 2008) . But this depends on the decay time considered, observed positive relationships in initial and final stages of decomposition (Quintino et al., 2009 ).
This study assumed that the leaf-breakdown process accelerates with increasing temperature, electrical conductivity and dissolved oxygen (Gulis and Suberkropp, 2003; Rezende et al., 2010) and is primarily affected by changes in the environment that occur along a temporal scale (Roache et al., 2006; Gafner and Robinson, 2007; Mfilinge and Tsuchiya, 2008; Gonçalves Junior et al., 2006a; 2012a, b) . The hypothesis of this study is that the highest leaf-breakdown rates should occur with elevated water temperatures, electrical conductivity, and dissolved oxygen concentrations. The present study aims to determine the leaf-breakdown rate of two arboreal species (Rhizophora mangle Linnaeus and Avicennia schaueriana Stapf and Leechm. ex Moldenke) in two subtropical mangroves and their relationship with water temperature, electrical conductivity and dissolved oxygen during the winter and summer.
Material and Methods

Study area
The study was performed in two subtropical mangroves, Itacorubi (27° 35' 31" S; 48° 31' 33" W) and Ratones (27° 27' 30" S; 48° 31' 43" W), both situated in the northern bay on the Island of Santa Catarina in Brazil (Figure 1 ). The climate is
Introduction
Mangroves are coastal ecosystems that serve as a transition between sea and land, and they are present in tropical and subtropical regions in areas that are subject to tide regimes (Ong, 1995; Silva et al., 2005) . Generally, mangroves occur in sheltered areas (e.g. estuaries, bays and lagoons) and present favorable feeding and refuge conditions for many species; they are considered to be generators of many ecosystem services (Silva et al., 2005) . It is estimated that mangroves are responsible for the exportation of 10% of the global terrestrial dissolved organic carbon into the oceans, yet their limited territorial extent (0.1% of cover on all continents) highlights their importance and fragility (Allan and Castillo, 2007) . Therefore, studies on organic carbon cycling and other nutrients can contribute to a better understanding of ecosystem function and aid in restoration and conservation activities (Fernandes, 2003; Shafer and Roberts, 2007) .
In mangroves, allochthonous detritus (e.g. leaves, branches, fruits and flowers) are responsible for providing a large portion of the organic carbon and nutrients that are important for the energy balance of the ecosystem (Fernandes, 2003; Allan and Castillo, 2007) . Information concerning the cycling of organic material in mangroves will contribute to a more detailed comprehension of the energy flux in these environments, specifically regarding decomposition, which is a fundamental process in this cycle (Sánchez-Andrés et al., 2010; Gonçalves Junior et al., 2012b) . The allochthonous leaf litter decomposition process directly affects the release of nutrients into the environment, liberating them back to the trophic cascades (Fernandes, 2003; Gonçalves Junior et al., 2012b) . This leaf breakdown causes the carbon in the biomass that is incorporated from photosynthesis to return to the atmosphere as CO 2 , where part of it, along with other minerals, is available to and reincorporated by plants and other organisms (Shafer and Roberts, 2007; Gonçalves Junior et al., 2012b) .
The leaf breakdown process can be divided into the following three phases: 1) the leaching of chemical components, 2) the conditioning of detritus by microorganisms, and 3) fragmentation by aquatic invertebrates and/or by physical environmental factors, which occur simultaneously and interact throughout the whole process (Gessner et al., 1999; Granek and Ruttenberg, 2008) . This system is driven by three variables: biological, leaf-litter characteristics and the environment (Allan and Castillio, 2007 ; Castilho-respectively) for both species, which were then dried in an oven at 60 °C for 72 hours.
The experiments were conducted from July to November (2008) , which corresponds to the winter and spring seasons (but just called winter, which is longer at this station), and from February to June (2009), which corresponds to the summer and autumn seasons (but just called summer, as it is longer at this station). We used litter bags (20 × 25 cm and 1 cm mesh size) that were 4 ± 0.1 g for senescent leaves samples, which were collected after 7, 15, 30, 60, 90 and 120 days of incubation. A total of 48 litter bags were separated into rows with 10 m between each row, and these bags were placed in different areas along the border of the mangrove, with 4 replicas for each (50 cm apart from each other) site studied. A total of 96 litter bags were used in the overall experiment (Figure 2 ). At each sampling site, the litter bags were placed in individual plastic bags and transported from the field to the laboratory in an icebox (10 °C).
During incubation, we removed samples to measure the electrical conductivity, pH (YSI multi-analyzer, model 85), water temperature and dissolved oxygen (oxymeter AT170) in the water column. In costal environmental we can use the conductivity to estimate the salinity.
Data treatment
The leaf-breakdown rates (k) were calculated according to a negative exponential model using data corresponding to the percent mass loss and time (Wt = W0e) (Graça et al., 2005) . In this model, subtropical and humid, with well-distributed rainfall throughout the year and with well-defined seasons (hot summer and cold winter). These mangroves are influenced by preponderant winds from the north/ northeast quadrant. Oceanographically, the tides are micro-tides (< 2 m) with semi-diurnal regimes and maximum amplitudes of 1.4 m.
The Itacorubi mangrove is located in the estuarine Itacorubi River Watershed, on the west coast of Santa Catarina Island (area of 1.62 km 2 with a perimeter of 5.8 km) and is formed by groves of A. schaueriana, Laguncularia racemosa and R. mangle. The Ratones mangrove is situated in the Ratones River Watershed on the northeastern sites of the island. It is protected by the Estação Ecológica de Carijós (ESEC; area of 6.25 km 2 with a perimeter of 33 km), comprising the same vegetative species as cited above. Both mangroves have similar conservation characteristics, despite some anthropic impacts on Ratones.
Experimental procedures
This study was conducted in 20 m 2 flooded areas in an inter-tidal zone that was 5 m inland from the border of the Itacorubi and Ratones mangroves. Senescent leaves newly fall of R. mangle and A. schaueriana were randomly collected in both areas. In the laboratory, the leaves were analyzed to select the best conditions for the experiment and to estimate the initial wet mass. Linear regression curves were used to convert the wet mass into an initial dry mass (0.5, 1, 3, 5, 10 and 20 g, the analysis of complex ecological data that often includes disequilibrium, missing values, non-linear relationships between variables and high-order interactions, and these groupings enable patterns to be predicted using only the available environmental data (De'Ath, 2002) . The normality of the data was tested using the Kolmogorov-Smirnov test, and the data were transformed using the Ln-function when required. All analyses were performed using the R program (R Development Core Team, 2008) .
Results
Abiotic parameters of water
The water temperature, pH and dissolved oxygen values did not differ between the Itacorubi and Ratones mangroves during the two sampling periods. However, the electrical conductivity values were significantly different during the summer (with higher values occurring in the Itacorubi mangrove); but the values did not differ between the two sites during the winter (Tables 1 and 2) . When comparing the abiotic variables in summer and winter at the two sites, the temperatures significantly differed (with the highest values occurring in the summer). However, the electrical conductivity, pH and dissolved oxygen did not differ between sampling periods at the sites (Table 1 and 2).
k is the exponential decay constant, Wt represents the mass remaining after t days, and W 0 is the initial dry mass at the instant t 0 . The differences of mass loss (Ln-transformed, dependent variable) for each species, period and site (categorical variables) per sample time (continuous variable) were compared using an analysis of covariance (ANCOVA; significance level of 0.05) (Crawley, 2007) . The water temperature, electrical conductivity, pH and dissolved oxygen (dependent variable) values were tested using one-way ANOVAs (significance level of 0.05) between periods (summer and winter) and sites (Ratones and Itacorubi) (categorical variables) (Crawley, 2007) .
Regression trees were used to determine the influence of the environmental variables on the remaining mass of the leaf litter (significance level of 0.05); this process is useful for exploring, describing, and predicting relationships between a variable and environmental characteristics by grouping via the repeated division of data (De'Ath, 2002) . Each division point is defined using a simple rule that is based on environmental values. A constant variable is attributed to each terminal node, where the best and simplest value is the average of all cases, which belong to this node through a determined partitioning. Such groupings that show the dependence on environmental data are graphically represented in tree-form, enabling than A. schaueriana. No significant difference was detected between the detritus mass loss for leaf litter in the winter season. During the summer, the leaf litter mass loss between the sites was different for A. schaueriana, with higher leaf-breakdown rates at the Ratones site. However, the same did not apply for R. mangle (Table 3) .
When comparing the leaf litter mass loss in both mangroves, no difference was observed for A. schaueriana and R. mangle during the winter in the Itacorubi and Ratones mangroves. In contrast, during the summer at both the Itacorubi and Ratones sites, we observed differences in the mass loss, with higher leaf-breakdown rates for R. mangle than for A. schaueriana (Table 3) .
Leaf breakdown
The leaf-breakdown rates (k) during the winter were -0.005 and -0.007 for R. mangle and, -0.005 and -0.006 for A. schaueriana in the Ratones and Itacorubi mangroves, respectively. During the summer, the k was -0.015 and -0.013 for R. mangle and, -0.009 and -0.01 for A. schaueriana in the Ratones and Itacorubi mangroves, respectively (Figure 3 ).
The decay rates were higher during the summer than during the winter when considering all the leaf litter at both sites. When we examined all of the detritus from all of the sites and seasons, R. mangle presented higher decomposition values 
Discussion
According to the classifications proposed by Petersen and Cummins (1974) , the leaf breakdown rates for R. mangle and A. schaueriana in the winter were slow at Itacorubi (k < -0.005) and intermediate at Ratones (-0.010 > k > -0.005). In the summer, both sites and species were classified as faster (k > -0.010), with the exception of A. schaueriana at Itacorubi, which had intermediate rates. This classification was originally created for temperate environments, although it is frequently used for diverse tropical environments (Bianchini Junior, 1999; Wantzen and Wagner, 2006; Moretti et al., 2007a, b; Rezende et al., 2010; Gonçalves Junior et al., 2012a, b) . However, using the method of Gonçalves et al. (2013) , who developed a classification specifically for Brazilian tropical systems, we observed that all decay rates were intermediate (-0.0173 > k > -0.0041) but around the upper range. These decay rates indicated that the litter in the studied area is quickly processed, reflecting its importance for ecosystem functioning and biological diversity (Ong, 1995; Silva et al., 2005; Bouillon et al., 2008) .
Regression tree of abiotic parameters on the remaining mass of leaves
The regression tree revealed that the abiotic factors, which are significantly responsible for the leaf-breakdown rate, included dissolved oxygen and electrical conductivity in the winter ( Figure 4A ) and temperature in the summer ( Figure 4B ). In the winter season, dissolved oxygen was found to be the best explanatory variable, with reported values of 5.73 mg.L -1 or higher, an average of 87.91% of the remaining mass. For values below this concentration that latitude, along with environmental effects, primarily temperature, could be a key factor for leaf breakdown (Table 4) . Leaf breakdown was higher during the summer (in higher temperatures) than during the winter, suggesting that this variable exerts a strong influence on this process (Mfilinge and Tsuchiya, 2008) and corroborating the hypothesis of this study. Other studies have shown temperature to be an important factor for decomposition in mangroves, where only a few degrees can be sufficient to increase the metabolic activity of the decomposer community or even accelerate leaf degradation, consequently accelerating the process (Suberkropp and Chauvet, 1995; Kristensen et al., 2008) . Another important aspect is the existence of optimal temperatures for decomposers that are required to develop their role in the ecosystem. Low temperatures measured in winter may impair the decomposer communities (Mfilinge and Tsuchiya, 2008) . Such results help contribute to the existence of temporal variation in the functioning of the studied mangroves, altering leaf breakdown.
Another study that evaluated leaf breakdown of the same species observed changes in the decay rates of A. schaueriana when submersed and not submersed in mangroves of southeastern Brazil (Moura, 1997) , which also indicates that environmental conditions are important. On the other hand, when comparing our decay rates for A. schaueriana with other studies in south and southeastern Brazil (Adaime, 1985; Panitz, 1986; Sessegolo and Lana, 1991) , similar values were observed, except that registered in the south Brazil (Parana) by Barroso-Matos et al. (2012; Table 4 ). However, we found similar values during the winter, but they were lower than the summer values for R. mangle that were obtained by Aké-Castillo et al. (2006) in the Gulf of Mexico, Juman (2005) in the Tobago, and also other studies in south and southeastern Brazil (Adaime, 1985; Panitz, 1986; Sessegolo and Lana, 1991; Silva et al., 1998; Barroso-Matos et al., 2012) . On the other hand, when comparing our decay rates for R. mangle to those of the warmer regions in northeastern Brazil, higher values have been recorded in other studies (Oliveira et al., 2013; Table 4 ). This suggested increased photosynthetic production and a preferential use of this resource for the ecosystem food web (Vannote et al., 1980; Gessner et al., 1999) . This would be easier for the decomposition of autochthones organic matter when compared to allochthonous (Vannote et al., 1980; Gessner et al., 1999) , but this result requires further investigation. The former indicates that environmental conditions can positively or negatively influence this process. In general, our data corroborate the hypothesis that higher decomposition rates occur with elevated water temperatures and greater electrical conductivity concentrations in mangroves. However, the positive relationship between the remaining mass and dissolved oxygen was contrary to our hypothesis. Therefore, these abiotic variables can affect the decomposition of the senescent leaves; consequently, it is an important process for mangrove ecosystem functioning. No significant differences were detected for the mass loss of both species between sites in the winter, which is possibly due to a low variation of environmental factors, especially temperature, during this period. In some mangroves, a constant exchange of material and energy between marine and terrestrial ecosystems can be observed, and these exchanges can be intensified during the winter due to low temporal variation, especially with temperature because this variable can directly or indirectly modify other abiotic variables (Lugo and Snedaker, 1974; Fernandes, 2003) , which explains our results.
For the mass loss between detritus types, a significant difference was found during the summer but not the winter. These temporal differences could be because R. mangle was more susceptible to these changes, which explains its higher leaf breakdown in the summer. Variation in the amount of foliage used by the decomposers is also present (Robertson, 1988) . For example, in forests dominated by Ceriops sp., the foliage is brought underground and eaten by crabs, whereas in forests dominated by Rhizophora sp., the foliage is utilized through microbial action (Robertson, 1988) , indicating a possible microbial preference for R. mangle. Nevertheless, these estequiometric relationships, coupled with the decomposer community, require further investigation in future studies.
We also observed temporal variation in mangrove functioning during the summer, detecting a negative association only at the highest temperatures with the remaining mass. As previously discussed in detail, the effects of temperature influence the quality of detritus and the metabolism of the decomposer community, which consequently affects the processing of organic material, thus accelerating the process (Robertson, 1988; Cuzzuol and Campos, 2001; Mfilinge and Tsuchiya, 2008) . During the winter, the remaining mass was negatively associated with electrical conductivity and positively associated with dissolved oxygen. High values of electrical conductivity may be associated with a high nutrient concentration in the water (Maillard and Santos, 2008) , which enables the microorganism decomposers to obtain the required nutrients to increase their metabolism and accelerate leaf breakdown (Rosemond et al., 2002; Gafner and Robinson, 2007) . On the other hand, our data are limited in their explanation of the positive relationship between the remaining mass with dissolved oxygen. However, we can infer that high values of oxygen indirectly indicate
